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CB, Cannabinoid Receptors Increase Neuronal Precursor
Proliferation through AKT/Glycogen Synthase

Kinase-3/3-Catenin Signaling
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The endocannabinoid system is involved in the regulation of
many physiological effects in the central and peripheral nervous
system. Recent findings have demonstrated the presence of a
functional endocannabinoid system within neuronal progeni-
tors located in the hippocampus and ventricular/subventricular
zone that participates in the regulation of cell proliferation. It is
presently unknown whether the endocannabinoid system exerts
a widespread effect on neuronal precursors from different neu-
rogenic regions, and very little is known about the signaling by
which it regulates neuronal precursor proliferation. Herein, we
demonstrate the presence of cannabinoid CB,; receptors in
granule cell precursors (GCPs) during early cerebellar develop-
ment. Activation of CB, receptors by HU-210 promoted GCP
proliferation in vitro, an effect that was prevented by a selective
CB, antagonist. Accordingly, in vivo experiments showed that
GCP proliferation was increased by chronic HU-210 treatment
and that in CB,-deficient mice cell proliferation was signifi-
cantly lower than in wild-type littermates, indicating that the
endocannabinoid system is physiologically involved in regula-
tion of GCP proliferation. The pro-proliferative effect of canna-
binoids in GCPs was mediated through the CB,/AKT/glycogen
synthase kinase-3f3/B-catenin pathway. Involvement of this
pathway was also observed in cultures of neuronal precursors
from the subventricular zone, suggesting that this pathway may
be a general mechanism by which endocannabinoids regulate
proliferation of neuronal precursors. These observations sug-
gest that endocannabinoids constitute a new family of lipid sig-
naling cues that may exert a widespread effect on neuronal pre-
cursor proliferation during brain development.

Cannabinoid drugs such as A’-tetrahydrocannabinol, the
principal psychoactive constituent of marijuana, act via signal-
ing pathways consisting of endogenous cannabinoids (endo-
cannabinoids) and their receptors. Among endocannabinoids,
the best characterized are arachidonylethanolamide or anand-
amide and 2-arachidonylglycerol, although additional candi-
dates have been proposed. Two G-protein-coupled cannabi-
noid receptors, designated CB, and CB,, have been cloned (1,
2). The CB, receptor is highly expressed in the central nervous
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system and is also present in peripheral and extraneuronal sites
(3, 4). In contrast, the CB, receptor is almost restricted to the
immune system (2).

Endocannabinoid signaling pathways have been implicated
in a broad range of neurobiological processes, including move-
ment control, cognition, learning and memory, pain relief, and
in promoting neuronal survival after cerebral ischemia or
trauma (5-9). In addition, pharmacological and gene knock-
out studies point to a role for endocannabinoid signaling in
promoting brain development (10). For example, the expres-
sion of endocannabinoids and cannabinoid receptors appears
early in the developing brain (10-13), and the perinatal expo-
sure to synthetic or plant-derived cannabinoids was shown to
modify the maturation of neurotransmitter systems and their
related behaviors (14). Recent studies have demonstrated the
presence of a functional endocannabinoid system in neuronal
progenitor cells of the ventricular (VZ)® and subventricular
zone (SVZ) and subgranular zone of the hippocampal dentate
gyrus, where it increases cell proliferation (15-20). Consistent
with the proliferation-promoting function of CB, receptors,
impaired proliferation is observed during cortical development
in the VZ/SVZ of CB, knock-out mice (16). Conversely, inhibi-
tion of the activity of the fatty acid amide hydrolase, an enzyme
involved in the breakdown of endocannabinoids (18), elicits an
increase in cell proliferation.

The brain regions that have the highest densities of CB,
receptors are the hippocampal formation, basal ganglia, and
cerebellum (21). The majority, if not all, of the cannabinoid
receptors in the cerebellum are located on axon terminals of
cerebellar granule cells (22), glutamatergic neurons that pro-
ject to cerebellar Purkinje cells. In rodents, cerebellar granule
cells are generated during the first two postnatal weeks from
progenitor cells in the outermost layer of the cerebellar cortex,
the external granule layer (EGL). The regulation of cerebellar
granule precursor proliferation, differentiation, and survival is
controlled by a number of extracellular signaling cues (23).
Whereas the function of the endocannabinoid system has been
extensively studied in differentiated cerebellar granule cells

3 The abbreviations used are: VZ, ventricular; SVZ, subventricular zone; EGL,
external granule layer; oEGL, outer EGL; iEGL, inner EGL; GCP, granule cell
precursor; ERK, extracellular signal-regulated kinase; PI3K, phosphatidyl-
inositol 3-kinase; P, postnatal day; RT-gPCR, reverse transcriptase quanti-
tative PCR; BrdUrd, 5-bromo-2-deoxyuridine; EGF, epidermal growth
factor; LI, labeling index; ANOVA, analysis of variance; DIV, days in vitro;
GSK-33, glycogen synthase kinase-383; AS, antisense oligonucleotides; S,
sense oligonucleotides.
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(24 -27), its potential role in the regulation of cerebellar granule
precursor (GCP) proliferation/survival has not been addressed
so far.

The activation of the CB, receptor is coupled with the inhi-
bition of adenylyl cyclase, the inhibition of voltage-dependent
Ca®" channels, and the activation of G-protein-regulated in-
wardly rectifying K™ channels (4, 28). In addition, several sig-
naling pathways have been shown to be regulated by the can-
nabinoid receptors. For instance, the CB, receptor has been
shown to regulate different members of the mitogen-activated
protein kinase family, such as extracellular signal-regulated
kinase (ERK) (29, 30), c-Jun N-terminal kinase (31, 32), and
p38 (32, 33). The CB, receptor can also activate the phos-
phatidylinositol 3-kinase/protein kinase B (PI3K/AKT) sig-
naling pathway (34, 35). Although the mechanisms by which
the endocannabinoid system exerts most of its effects have been
elucidated (4), very little is known about the signaling mecha-
nism underlying cannabinoid-regulated neuronal precursor
cell proliferation.

In the present work, we examined the presence of cannabi-
noid receptors in GCP during early cerebellar development; we
investigated the role of the cannabinoids in the regulation of
GCP proliferation and identified the pathway downstream
from the CB, receptor implicated in the regulation of neuronal
precursor proliferation.

EXPERIMENTAL PROCEDURES

Animals and Treatments—Experimental animals were C57BL/
6] mice, wild-type (CB,"’*) and homozygous CB, knock-out
mice (CB, /") (36). Experiments were performed in accord-
ance with the Italian and European Community law for the use
of experimental animals and were authorized by the bioethical
committee of the University of Bologna. Pregnant mothers
were isolated in single cages when pregnancy became evident.
C57BL/6], CB,"/*, and CB, "/~ pups received two subcutane-
ous injections (injection volume 20 ml/kg) either of HU-210
(100 pg/kg, diluted in phosphate-buffered saline) or phos-
phate-buffered saline for 3 days, starting at postnatal day 4 (P4).
Six hours after the last administration of either HU-210 or
phosphate-buffered saline, mice received a single subcutaneous
injection (150 ug/g body weight) of BrdUrd (5-bromo-2-de-
oxyuridine, Sigma) and were sacrificed after 2 h. Pups were
killed by decapitation, and the cerebellum was rapidly dissected
and fixed by immersion in Glyo-Fixx (Thermo Electron Corp.,
Waltham, MA) for 24 h.

Cell Cultures and Treatments—Primary cultures of GCPs
were prepared from the cerebella of 7-day-old C57BL/6J, CB, ™/,
and CB, /" mice as previously described (37). Dissociated cells
were plated on poly-p-lysine (20 um, Sigma)-coated dishes at a
density of 2 X 10? cells/mm? and maintained in Neurobasal A
medium (Invitrogen) supplemented with 2% B27 (Invitrogen), 2
mM glutamine, and 100 pg/ml penicillin/50 ug/ml streptomycin
(Sigma). Cells were isolated from the rostral telencephalon of new-
born (P1-P2) C57BL/6] mice, and neurosphere cultures were
obtained as previously reported (38, 39). To obtain neuro-
spheres, cells were cultured in suspension in Dulbecco’s modi-
fied Eagle’s medium/F-12 (1:1) containing B27 supplements
(2%), fibroblast growth factor-2 (FGF2, 20 ng/ml), epidermal
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growth factor (EGF, 20 ng/ml), heparin (5 ng/ml), penicillin
(100 units/ml), and antibiotics. Primary neurospheres were dis-
sociated at days 8 —10 using Accutase (PAA, Pasching, Austria)
to derive secondary neurospheres. The sub-culturing protocol
consisted of neurosphere passages carried out every 3—4 days
with whole culture media change (with freshly added fibro-
blast growth factor-2 and EGF). All experiments were done
using neurospheres obtained after 3—5 passages from the ini-
tially prepared cultures. Cell cultures were kept in a 5% CO,
humidified atmosphere at 37 °C. Unless specified otherwise,
treatments were performed 2 h after cell plating with the fol-
lowing drugs: 0.5 uMm (6aR,10aR)-9-(hydroxymethyl)-6,6-di-
methyl-3-(2-methyloctan-2-yl)-6«,7,10,10c-tetrahydrobenzo-
[c]chromen-1-0l (HU-210 Tocris), 0.1, 0.5, 1, 2, and 5 uM
3-(1,1-dimethylbutyl)-1-deoxy-A®-tetrahydrocannabinol (TWH-
133, Tocris), 12.5 um BML-257 (Cayman), 60 nm Akti-1/2 (Cal-
biochem), 10 um LY294002 (Cell Signaling Technology), 0.5 um
wortmannin (Calbiochem), PD158780 (Calbiochem), and 2
uM SR 141716A (N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-
(2,4-dichlorophenyl)-4-methylpyrazole-3-carboxamide,  hy-
drochloride, contract NO1-MH-32005 WA 08928.019, NIMH
no. S-705, Chemical Synthesis and Drug Supply Program,
NIMH, Research Triangle Institute) for the indicated times.
Immunocytochemistry and Determination of the Labeling
Index in Cell Cultures—For immunofluorescence studies, the
following primary antibodies were used: anti-neural cell adhe-
sion molecule (N-CAM, 1:200, Sigma), anti-Ki67 (GeneTex,
1:100), anti-B-catenin (1:100, BD Transduction Laboratories),
anti-BrdUrd (1:200, Roche Applied Science), anti-CB,; (L-15-
CB,, 1:200, kindly provided by Dr. Ken Mackie), and B-tubulin
III (TubJ, 1:500, Sigma). GCPs, plated on poly-p-lysine-coated
coverslips, were cultured for 18 h, then treated with 10 um
BrdUrd for an additional 6 h, fixed, and processed for BrdUrd
and B-tubulin III (Tub]J, an early neuronal marker) double-
fluorescence immunocytochemistry and counterstained
with Hoechst 33342, as previously described (40). Fluores-
cence images, taken from random microscopic fields (10-12
for each coverslip), were superimposed and used to determine the
labeling index (LI), defined as percentage of cells co-labeled with
BrdUrd and B-tubulin III over total cell number in three indepen-
dent experiments in duplicate. Pyknotic cells were separately
counted to determine the pyknotic LI defined as percentage of
pyknotic cells over total cell number. Fluorescence images were
taken on an Eclipse TE 2000-S microscope (Nikon, Tokyo, Japan)
equipped with a digital camera Sight DS-2MBW (Nikon).
Antisense Experiment—To silence the expression of 3-cate-
nin, experiments were performed by using an antisense oligo-
nucleotide (5'-ggAGTTTAACCACAACAGGCAGTcc-3") and,
as a control, a sense oligonucleotide (5'-ggACTGCCTGTTGTG-
GTTAAACTcc-3') (41). Both oligonucleotides (Sigma-Aldrich)
were phosphorothioated to make them more resistant to RNase
attack. Cultures of GCPs were exposed 2 h after plating to dif-
ferent concentrations of the oligonucleotides for 24 h.
Immunocytochemistry and Determination of [(-Catenin
Nuclear Localization in Neurosphere Cultures—Neurospheres
were harvested on microscope slides by cytospin centrifugation
(212 X g, 5 min, Shandon, Thermo, Dreieich, Germany). Spec-
imens were fixed in 4% paraformaldehyde for 20 min. Blocking
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was done in 5% goat serum for 30 min followed by incubation
with anti-B-catenin (1:100, BD Transduction Laboratories)
antibody. Detection was done with Cy3-conjugated anti-mouse
antibody (1:200, Jackson ImmunoResearch Laboratories).
Nuclear staining was obtained using Hoechst 33342 as previ-
ously described (40). Neurospheres were examined at 20X
magnification using an Eclipse TE 2000-S microscope (Nikon).
Immunofluorescence analysis was performed in a blinded fash-
ion by numerically coding each slide. Digital images were cap-
tured using NIS-Elements AR software (Nikon). Only cells with
both cellular and nuclear integrity were analyzed. Cellular and
nuclear integrity was assessed morphologically. Intact nuclei
were defined as well circumscribed oval bodies as delineated by
Hoechst staining. To assess 3-catenin nuclear translocation,
Hoechst and B-catenin images of the same cell were processed
using NIS-Elements AR software (Nikon). The perimeter of the
nucleus was traced using the Hoechst (blue) counterstaining as
a guide to define the nuclear area of each cell, and the intensity
of Cy3 staining corresponding to the B-catenin signal was
quantified by determining the number of positive (bright)
nuclear pixels. Approximately 150 cells were analyzed from
each slide (2 slides for each condition; 3 experiments).

Immunohistochemistry and Cell Count—Cerebella from
C57BL/6J,CB,"’",and CB, "/~ mouse pups were embedded in
paraffin and cut with a microtome in 8-um-thick sections. One
of eight sections was processed for BrdUrd or anti-cleaved
caspase-3 (1:100, Cell Signaling Technology) immunohisto-
chemistry as previously described (42, 43). Cell count was done
in the external granular layer (Fig. 6D) for BrdUrd-positive cells
and in both the external granular layer and internal granule
layer for cleaved caspase-3-positive cells, in three lobuli (11, III,
and VI) of each sampled section. Cell number was expressed as
cells/mm?.

Laser Capture Microdissection—Frozen 12-um-thick sec-
tions from the cerebellum of P6 C57BL/6] mice were cut with a
cryostat, fixed in 70% ethanol, stained briefly with cresyl violet,
and dehydrated with xylene. The oEGL of the cerebellum was
microdissected from two- three sections using a laser-capture
microscope (Eclipse TE 2000-U, Nikon) with the following
parameters: spot size, 30 wm; power, 85 milliwatts; and dura-
tion, 750-1200 us.

Real-time RT-qPCR—Total RNA was extracted from cul-
tures of GCPs with Tri Reagent (Sigma) and from laser-cap-
tured cerebellar tissue using the Picopure Isolation kit (Arctu-
rus) according to the manufacturer’s instructions. cDNA
synthesis was achieved with 0.5-1.0 ug of total RNA using the
iScript™ cDNA synthesis kit (Bio-Rad) according to the manu-
facturer’s instructions. The efficiency of the used primers was eval-
uated by calculating the linear regression of Ct data points
obtained with a series of different cDNA dilutions and inferring
the efficiency from the slope of the line. We used the primers that
gave efficiency close to 100%. The used primer sequences were
the following: (i) CB, (NM_007726), forward (5'-CTGCTG-
TTGCTGTTCATTGTG-3’) and reverse (5'-CTTGCCAT-
CTTCTGAGGTGTG-3"); (ii) CB, (NM_009924), forward
(5'-GCCCGAGTCAGAAGTCCGTTC-3') and reverse (5'-
GCCACCTTCCAGCCAACCAGC-3"); (iii) N-MYC (NM_
008709), forward (5'-GGTGGCTGCTCCTGCTCGTC-3")

10100 JOURNAL OF BIOLOGICAL CHEMISTRY

and reverse (5'-TCCTCTTCATCTTCCTCCTCGT-3"); (iv)
GABA , (NM_008072), forward (5'-TGCCGCTCCTGCTGC-
TCTG-3") and reverse (5'-GCATAGCCCTCCATTAAGCCA-
TCC-3"); (v) TRPV1 (NM_001001445.1), forward (5'-TGGG-
AAGGGTGACTCAGAAGAGG-3’) and reverse (5'-TCCTG-
CGATCATAGAGCCTTGGG-3'); (vi) Cyclin D1 (NM_
007631) forward (5'-ACCGCACAACGCACTTTCTTTCC-
3’) and reverse (5'-GACCAGCCTCTTCCTCCACTTCC-3');
and (vii) B-actin (NM_007393) forward (5'-AAGTGGTTAC-
AGGAAGTCC-3") and reverse (5'-ATAATTTACACAGAA-
GCAATGC-3’). Real-time PCR was performed using a SYBR
Premix Ex Taq kit (Takara, Shiga, Japan) according to the man-
ufacturer’s instructions in an iQ5 real-time PCR detection sys-
tem (Bio-Rad). Fluorescence was determined at the last step of
every cycle. Real-time PCR assay was done under the following
universal conditions: 2 min at 50 °C, 10 min at 95 °C, 50 cycles of
denaturation at 95 °C for 15 s, and annealing/extension at 60 °C
for 1 min. Relative quantification was performed using the
AAC, method.

Western Blotting—The following antibodies were used: anti-
phosphorylated Erk1/2, anti-phospho-AKT-Ser*”® (1:1000),
AKT-Thr?**® (1:1000), anti-AKT (1:1000), and anti-phospho-
GSK-3B-Ser® (1:1000) (Cell Signaling Technology); anti-8-
catenin (1:1000, BD Transduction Laboratories); and anti-3-
actin (1:2000, Sigma). For the preparation of total cell extracts,
cells were lysed in lysis buffer (Tris-HCI, 10 mm, SDS, 2%, di-
thiothreitol, 10 mwm, protease and phosphatase inhibitors cock-
tails, 1% (Sigma)). For the preparation of nuclear extracts cells
were allowed to swell and lysed in hypotonic buffer (Hepes, 10
mum, NaCl, 50 mm, EDTA, 1 mMm, Nonidet P-40, 0.1%, dithio-
threitol, 1 mm, phenylmethylsulfonyl fluoride, 1 mm, pH 8) for
10 min at 4 °C. After centrifugation, nuclei were extracted with
hypertonic salt buffer (Hepes, 20 mm, NaCl, 420 mm, EDTA, 1
mu, dithiothreitol, 1 mwm, glycerol, 10%, phenylmethylsulfonyl
fluoride, 1 mm, pH 8). Cells extracts were immediately pro-
cessed by Western blot or kept frozen (—80 °C) until assayed.
Sample protein concentration was estimated by the Lowry
method (44). Equivalent amounts (40 ug) of protein were sub-
jected to electrophoresis on a 10% SDS-polyacrylamide gel.
Densitometric analysis of digitized images was performed with
Scion Image software (Scion Corp., Frederick, MD), and the
intensity for each band was normalized to the intensity of the
corresponding -actin band.

Statistics—Data are expressed as mean = S.E., and statistical
significance was assessed by two-way analysis of variance
(ANOVA), followed by Bonferroni post hoc test or by the two-
tailed ¢ test. Significance was set to p = 0.05. Statistical analysis
was performed using GraphPad Prism 4.0.

RESULTS

Expression of CB,; and CB, Receptors in Cerebellar Granule
Cell Precursors in Culture—Recent evidence suggests that
endocannabinoid signaling plays a role in neurogenesis in the
subventricular zone and subgranular layer of the hippocampal
dentate gyrus (see the introduction). However, it is presently
unknown whether cannabinoids are able to promote prolifera-
tion of cerebellar GCPs. To determine whether GCPs express
cannabinoid receptors, we examined CB,; protein and gene
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stain (Fig. 1A), which is consistent
with a high expression of CB, recep-
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FIGURE 1. Expression of CB, and CB, receptors in GCPs. A and B, double immunofluorescence staining for
CB, (red) and N-CAM (green) of cerebellar granule cells derived from C57BL/6J (A) and CB, /™ (B) P7 mice
cultured for 1 day (DIV 1) or 7 days (DIV 7) in vitro. Hoechst staining of nuclei was used to reveal the total number
of cells in culture (blue). The arrows indicate condensed mitotic chromosomes of a cell immunostained for CB,
receptors. Scale bar in B: 10 um applies to A and B. C, double immunofluorescence staining for CB, (red) and
Ki-67 (green) of cerebellar granule cells derived from P7 mice and cultured for 1 day (DIV 1) in vitro. Scale bar: 5
um. D, CB, and CB, mRNA expression, quantified by RT-qPCR, in culture of cerebellar granule cells at DIV 1 and
DIV 7.E,N-Myc and GABA, receptor expression, quantified by RT-qPCR, in cultures of cerebellar granule cells at
DIV 1and DIV 7.Datain Cand D are expressed as mean = S.E. of three independent experiments. *, p < 0.05; **,

p < 0.01; *** p < 0.001 (Bonferroni's test after ANOVA).

expression in cultures of GCPs from mouse pups using CB;
antibody immunocytochemistry and quantitative real-time
PCR (RT-qPCR). About 98% of total cells were faintly but
clearly double labeled with antibodies for CB; and N-CAM (a
neuronal marker) 24 h after cell plating (DIV 1) (Fig. 1A4), indi-
cating that CB; receptors were expressed by neuronal precur-
sors. On the other hand, CB, immunoreactivity was not local-
ized in glial fibrillary acidic protein-positive cells (data not
shown), indicating that CB, -positive cells were not astrocytes.
Actively dividing cells, recognizable by the condensed chromo-
somes typical of the late M phase of the cell cycle (white arrows
in Fig. 1A), were immunoreactive for the CB, receptor, indicat-
ing that dividing GCPs were, at this stage, already expressing
CB, receptors. Because the expression of the Ki-67 protein is
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higher at DIV 1 that at DIV 7 and
that the opposite occurred for GABA
receptor (Fig. 1E).

Because neural stem cells from
the SVZ appear to express both CB,
and CB, receptors (47), we won-
dered whether GCPs also express
CB, receptors. We found CB, re-
ceptor transcripts were present in
DIV 1 and DIV 7 granule cell cultures but at levels much lower
than those of the CB, receptors (Fig. 1D). Although CB, recep-
tor expression slightly increased from DIV 1 to DIV 7, it
remained at a level that was 10* times lower than that of CB,
receptors (Fig. 1B). Pharmacological studies suggest the exist-
ence of additional receptors for cannabinoids. For example,
arachidonylethanolamide and the CB;-selective antagonist
rimonabant (SR141716A) bind to the TRPV1 vanilloid recep-
tor, which is also named transient receptor potential vanilloid
channel 1 (48). We found that no transcripts for TRPV1 were
detectable in either DIV 1 or DIV 7 granule cell cultures (data
not shown). Based on the low expression levels of the CB,
receptors and absence of TRPVI1 receptors, cannabinoids
should act on GCPs mainly through CB, receptors.
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FIGURE 2. Effect of HU-210 on proliferation/survival of cultured GCPs.
A, 1 h after plating cultures of GCPs were stimulated with HU-210 (0.5 um) for
20 h. BrdUrd (10 um) was added for the last 6 h and thereafter cells were
processed for double immunofluorescence with anti-BrdUrd (red) and anti-3-
tubulin Il (TublJ, green) antibodies. Cell nuclei were stained by Hoechst dye
(blue). The arrow indicates a pyknotic nucleus; the arrowheads indicate con-
densed mitotic chromosomes of a BrdUrd-positive cell. Scale bar: 30 um.
B, labeling index (L/), defined as percentage of BrdUrd-positive cells over the
total cell number, was determined for GCP (DIV 1) treated with different doses
of HU-210 (0.1, 0.5, 1, and 2.5 um) or JWH-133 (0.1, 0.5, 1, and 2.5 um). C, per-
centage of apoptotic GCPs over the total cell number in cultures treated as
reported in B. Apoptotic cells were evaluated by counting pyknotic Hoechst-
stained nuclei. Data (B and C) are expressed as the mean = S.E. of four inde-
pendent experiments. The asterisks indicate a significant difference between
the treated versus untreated condition; *, p < 0.05; **, p < 0.01; ***, p < 0.001
(Bonferroni test after ANOVA). D, LI was determined in cultures untreated
(control) or treated with HU-210 (0.5 um), SR141716A (2.0 um, SR), and HU-210
plus SR141716A. Bars are the mean = S.E. of four independent experiments.
**¥* p < 0.001, treated versus control (untreated) condition; *, p < 0.01 HU-210
plus SR versus HU-210-only-treated cells (Bonferroni test after ANOVA). E, LI of
BrdUrd-positive cells in cultures generated from CB,-deficient mice (CB, /")
and CB, ™" -treated or untreated with HU-210 (0.5 uwm). Bars are the mean +
S.E. of three independent experiments.

Activation of the CB, Receptor Increases Proliferation of Cer-
ebellar Granule Precursors—To test whether CB, and/or CB,
receptor agonists affect GCP proliferation, we determined the
effects of different concentrations of HU-210 (a CB, and CB,
agonist) and JWH-133 (a CB,-selective agonist) on prolifera-
tion of GCPs. Cell proliferation was evaluated through BrdUrd
immunohistochemistry. Under control conditions, proliferat-
ing GCPs represented ~8—10% of total cell number. In cultures
treated with HU-210 for 24 h, the number of proliferating cells
increased up to 40 -50% at concentrations of 0.5-2.5 um (Fig.
2B). By contrast, treatment with JWH-133 had no effect on cell
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proliferation even at the highest tested concentration (Fig. 2B),
suggesting that the effect of HU-210 on cell proliferation was
specifically mediated by CB, receptors.

Because there is evidence that the activation of CB, receptors
in differentiated granule cells induces apoptotic cell death (24),
we counted the number of apoptotic cells in cultures treated
either with HU-210 or JWH-133. Apoptotic cells were recog-
nized based on the pyknotic appearance of Hoechst-stained
nuclei (white arrow in Fig. 24). Under control conditions, apo-
ptotic cells represented ~6-7% of total cell number. HU-210
induced an increase in apoptotic cell death (up to +70 and 90%)
at the two highest tested concentrations (1.0 and 2.5 um) (Fig.
2C) but at the concentration of 0.5 um HU-210 did not modify
cell death (Fig. 2C). Similar results were obtained by evaluating
the number of dying cells based on Trypan blue staining (data
not shown). Because treatment with 0.5 um HU-210 notably
increased GCP proliferation without affecting cell death, sub-
sequent cell culture experiments were performed in the pres-
ence of 0.5 um HU-210.

To confirm that the increase in GCP proliferation was
specifically due to CB,; activation, we used SR141716A
(rimonabant), a selective antagonist of CB, receptors. GCPs
were incubated with SR141716A (2 uM) for 24 h alone or in the
presence of HU-210. As shown in Fig. 2, while treatment with
SR141716A alone was ineffective on GCP proliferation, the
effect of HU-210 on GCP proliferation was prevented by co-
treatment with SR141716A (Fig. 2D). To confirm that activa-
tion of CB, receptors is necessary to induce an increase in GCP
proliferation, we generated GCP cultures from CB,-deficient
mice (36) and their wild-type littermates. We found that
HU-210 was unable to increase GCP proliferation in CB,-defi-
cient neuronal progenitors (Fig. 2E), supporting the direct
impact of CB, receptor activation on GCP proliferation.

Intracellular Signaling Involved in HU-210-induced Cerebel-
lar Granule Precursor Proliferation—The phosphatidylinositol
3-kinase (PI3K)/AKT signaling plays a role in self-renewal of
neural stem cells (49) and can mediate mitogenic signaling dur-
ing corticogenesis (50). Because cannabinoids appear to regu-
late cell proliferation of oligodendrocytes and neuronal precur-
sors via G;,,, PI3K, and AKT (34, 47), we sought to establish
whether this pathway is involved in the CB,-mediated regula-
tion of GCP proliferation.

We first analyzed the phosphorylation of AKT and its down-
stream target, the glycogen synthase kinase-38 (GSK-38) (51)
by Western blot analysis. AKT is activated by phosphorylation
of two critical residues, namely threonine 308 and serine 473
(52). We found that HU-210 increased phosphorylation of
AKT, at both Thr-308 and Ser-473 residues, and of GSK-3B8 and
that this action was prevented by the PI3K inhibitor wortman-
nin (Fig. 3, A-C). Wortmannin treatment by itself reduced
AKT Thr-308 and Ser-473 and GSK-3 phosphorylation, sug-
gesting that basal AKT and GSK-3 phosphorylation in this cell
system mainly depends on PI3K. We evaluated the number of
BrdUrd-positive GCPs in the presence of wortmannin plus
HU-210 and found that HU-210 was unable to increase cell
proliferation when PI3K was inhibited (Fig. 3D). We found that
exposure to wortmannin alone slowed down GCP proliferation
rate, which was decreased by ~20%, as compared with un-
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FIGURE 3. Effects of HU-210 on PI3K/AKT/GSK-3f signaling of cultured
GCPs. A, examples of immunoblotting with anti-AKT, anti-phospho-AKT-
Thr*°® anti-phospho-AKT-Ser*”3, anti-phospho-GSK-38-Ser® and anti-B-actin
antibodies obtained from total GCP extracts. Cultures of GCP at DIV 1 were
stimulated for 1.5 h with HU-210 (0.5 um), wortmannin (Wort, 100 nm), HU-210
plus wortmannin. B and C, P-AKT-Ser*”3 (S), P-AKT-Thr3%8 (T) (B) and P-GSK-33
(C) protein levels were normalized, respectively, to total AKT and B-actin con-
tent and expressed as percentage of untreated condition (100%). D, LI was
determined for GCPs treated as reported in A or treated with either a selective
PI3Kinhibitor, LY294002 (LY; 10 um) or HU-210 plus LY294002. £, LI was deter-
mined for GCPs treated with HU-210 (0.5 um), BML-257 (12.5 um), HU-210 plus
BML-257, Akti-1/2 (60 nm), or HU-210 plus Akti-1/2 for 1.5 h. Bars are the
mean = S.E. of four experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 as
compared with control (untreated) condition; #, p < 0.05 as compared with
corresponding HU-210-treated samples (Bonferroni test after ANOVA).

treated cells (Fig. 3D). Similar results were obtained using
another selective PI3K inhibitor LY294002 (Fig. 3D). These
data clearly show that CB, receptors exert their effects on pro-
liferation through PI3K. We analyzed the effect of two inhibi-
tors of AKT, BML-257, an inhibitor of AKT membrane trans-
location (53), and Akti-1/2, a selective non-ATP-competitive
inhibitor (54), on HU-210-induced GCP proliferation. We
found that both inhibitors completely blocked the effect of
HU-210 on GCP proliferation (Fig. 3E). These data show that
cannabinoids exert their effects on GCP proliferation through
the PIBK/AKT pathway.

Because the mitogen-activated protein kinase/extracellu-
lar signal-regulated protein kinase (ERK) pathway appears to
be modulated by cannabinoids in hippocampal neuronal pre-
cursors (20), we examined the possibility that in GCPs CB,
activation affects the phosphorylation levels of ERK1/2. We
found that HU-210 administration did not modify the phos-
phorylation levels of ERK1/2 detected by immunoblot (data not
shown), indicating that ERK is not involved in the cannabinoid
effect on GCP proliferation.
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There is evidence that CB; receptors can interact with the
receptor tyrosine kinase signaling (55). Mechanisms for CB,
receptor-receptor tyrosine kinase transactivation include
cleavage of membrane-bound precursor proteins such as EGF
(55). We found that treatment with PD158780, a selective EGF
receptor inhibitor, did not reduce the HU-210-induced GCP
proliferation (data not shown), suggesting that transactivation
of the EGF pathway is not involved in the CB;-induced cell
proliferation.

HU-210 Induced B-Catenin Accumulation through PI3K/
AKT Activation—In the mitogenic signaling pathways Wnt and
fibroblast growth factor-2, the phosphorylation-induced inac-
tivation of GSK-3f leads to nuclear translocation of B-catenin
(56, 57). In the nucleus, B-catenin binding to TCF/LEF converts
these transcriptional repressors into activators and results in
up-regulation of a variety of genes important in a wide variety of
developmental events (58).

GCPs treated with HU-210 for 1.5 h showed an increase in
B-catenin immunoreactivity in the nuclear compartment (Fig.
4A). Quantification of B-catenin protein levels in the nuclear
fraction showed an increase by ~100% following HU-210 treat-
ment (Fig. 4B). Co-treatment with BML-257 completely pre-
vented the effect of HU-210 on 3-catenin nuclear accumulation
(Fig. 4B), suggesting the involvement of AKT in B-catenin
nuclear translocation. In the nucleus 3-catenin interacts with
transcription factors of the LEF/TCF family to induce changes
in the expression of cell-cycle genes, such as cyclin DI (59).
Consistent with this, we found that cyclin D1 mRNA expres-
sion was significantly increased in GCPs after HU-210 treat-
ment (Fig. 4C).

To define whether B-catenin is an essential gene by which
CB, induces GCP proliferation, in cultures of GCPs, we sup-
pressed its expression with antisense oligonucleotides (AS),
using sense oligonucleotides (S) as control (41). We found
that 24-h treatment with AS but not with S markedly de-
creased the expression of B-catenin in a dose-dependent
manner (Fig. 4D). We then evaluated GCP proliferation after
24 h of co-treatment with HU-210 and different concentra-
tions of AS or S. Co-treatment with AS, but not with S, com-
pletely blocked the effect of HU-210 on GCP proliferation (Fig.
4E), indicating the involvement of 3-catenin in the cannabinoid
effect on GCP proliferation.

To establish whether the CB,-dependent activation of the
AKT/GSK-3B/B-catenin system, observed in GCPs, is also
present in other neuronal precursor types, we used clonally
expanded neurospheres derived from neuronal precursors
from the SVZ of newborn mice. As previously reported (18), we
found that HU-210 increased neurosphere generation (data not
shown) and neuronal precursor proliferation (Fig. 54). The
effect of CB, activation on nuclear accumulation of B-catenin
was subsequently examined. Treatment with HU-210 for 1.5 h
increased the nuclear accumulation of B-catenin (Fig. 5, B and
C) up to 60% (Fig. 5D). This effect was completely prevented by
the selective CB, antagonist SR141716A (Fig. 5D), ruling out
the involvement of the CB, receptors or other nonspecific
mechanisms. To explore the mechanism by which HU-210
induces B-catenin nuclear translocation in precursors from the
SVZ, we examined whether nuclear translocation of 3-catenin
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FIGURE 4. HU-210 induces nuclear translocation of 3-catenin in cultured
GCPs. A, images of cultured GCPs either untreated or treated with HU-210 for
1.5 h. B-Catenin localization was detected by immunofluorescence with an
anti-B-catenin antibody. Scale bar: 10 um. B, representative examples of
Western blots probed with an anti-B-catenin monoclonal antibody. Nuclear
fractions of protein lysates were isolated from GCPs untreated or treated with
HU-210 (0.5 um), BML-257 (12.5 um), or HU-210 plus BML-257. Analysis of
B-catenin levels in nuclear fractions was performed by immunoblotting. Val-
ues represent the percentage increase with respect to unstimulated cells
(100% control value) and were obtained by normalization of densitometric
values of B-catenin with respect to histone H3. Bars are the mean = S.E. of
three experiments. ***, p < 0.001 as compared with control (untreated) con-
dition; #, p < 0.05 as compared with corresponding HU-210-treated samples
(Bonferroni test after ANOVA). G, cyclin D1 expression quantified by RT-gPCR,
in cultures of GCPs at DIV 1 treated with HU-210 (1.0 um) for 24 h. Data are
expressed as mean = S.E. of three experiments. ***, p < 0.001 (Bonferroni test
after ANOVA). D, Western blots analysis of B-catenin levels in total protein
extracts of GCPs treated for 24 h with antisense 3-catenin oligonucleotides
(AS, 1 um, 2.5 um). Sense B-catenin oligonucleotides (S, 2.5 um) were used as
control. Values represent B-catenin levels normalized with respect to B-actin.
Bars are the mean = S.E. of three experiments. *, p < 0.05; **, p < 0.01; ***,p <
0.001 as compared with untreated condition (Bonferroni test after ANOVA).
E, LI was determined for GCPs untreated (control) and treated for 24 h with
either HU-210 (0.5 um) or HU-210 plus different concentrations of AS or S
oligonucleotides. Bars are the mean = S.E. of four experiments. **, p < 0.07;
*** p < 0.001 as compared with control (untreated) condition; #, p < 0.05 as
compared with HU-210-treated sample (Bonferroni test after ANOVA).

was dependent on AKT signaling. To this purpose, we co-
treated neurospheres with BML-257 and HU-210. BML-257
completely inhibited the nuclear translocation of B-catenin
(Fig. 5D), indicating that in precursors from the SVZ CB,-in-
duced nuclear translocation of B-catenin was also mediated by
the AKT signaling pathway.
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FIGURE 5. Nuclear B-catenin accumulation through HU-210-mediated
AKT activation in neurosphere cultures. A, LI was determined for cultures
of neurospheres (at passages 3—4) untreated or treated with HU-210 (0.5 um).
Values represent the percentage increase with respect to untreated cells
(100% control value). B and C, images of neurospheres untreated (B) or
treated (C) with HU-210 for 1.5 h. B-Catenin sub-cellular localization was
detected by immunofluorescence with an anti-B-catenin antibody. The
regions enclosed by a square are shown at a higher magnification at the
bottom. Note the nuclear localization (nucleus is indicated by the thin arrow)
of B-catenin in neurospheres treated with HU-210. Arrowheads indicate the
perinuclear B-catenin localization. Scale bar: 40 wm (medium magnifications);
15 um (high magnifications). D, nuclear B-catenin levels were quantified by
immunofluorescence intensity (as described under “Experimental Proce-
dures”) of neurosphere cultures untreated or treated with HU-210 (0.5 um),
HU-210 plus SR141716A (2.0 um, SR), or HU-210 plus BML-257 (12.5 um). Val-
ues represent the percentage increase with respect to unstimulated cells
(100% control value). Bars (A and D) are the mean = S.E. of three experiments.
** p < 0.01 as compared with control (unstimulated) condition; *, p < 0.05 as
compared with corresponding HU-210-treated samples (Bonferroni test after
ANOVA).

HU-210 Promotes Cerebellar Granule Precursor Proliferation
during Cerebellar Development—In mouse cerebellum, the
production of granule neurons lasts from birth to the second
postnatal week, with a peak during the first postnatal week (60).
Newborn cells derive from GCPs located in the EGL. The EGL
can be subdivided into two morphologically distinct zones, the
outer EGL (0EGL) (Fig. 6, A and B), which is formed by actively
dividing GCPs, and the inner EGL (iEGL) (Fig. 6, A and B),
which mainly contains pre-migratory postmitotic cells (61, 62).

To confirm results obtained in culture, we dissected by the
laser capture technique the oEGL from the cerebellum of P6
mouse pups and analyzed CB, expression by qRT-PCR. We
found that CB, receptors were expressed by GCPs located in
the oEGL (Fig. 6C). The expression levels were lower than in
whole cerebellar extracts (Fig. 6C), which is in line with the
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FIGURE 6. Effects of HU210 treatment on GCP proliferation during post-
natal cerebellar development. A, example of a sagittal Nissl-stained section
across the cerebellum of a P6 mouse. Scale bar: 200 um. B, high magnification
photomicrograph of the region enclosed by a square in A showing the cere-
bellar layers. The dashed lines indicate the borders of the oEGL and iEGL. Scale
bar: 50 um. C, quantification by RT-qPCR of CB, receptor expression in
extracts from the whole cerebellum (WCE) and from the oEGL microdissected
with the laser capture technique (see “Experimental Procedures”) of P6
mouse pups. An example of amplicons resolved on acrylamide is shown on
the right. Data, given as % of CB, expression in whole cerebellar extracts, are
expressed as the mean = S.E. *** p < 0.001 (two-tailed t test). D-F, C57BL/6J,
CB, ™", and CB, ™/~ mice received two subcutaneous injections either of
phosphate-buffered saline (control) or HU-210 (100 g/kg) for 3 days, starting
at P4. Mice received one BrdUrd injections on P6 and were sacrificed after 2 h.
Examples of sections immunostained for BrdUrd and counterstained with
hematoxylin and eosin (D). Cells with brown nuclei are BrdUrd-positive cells.
The dashed lines indicate the borders of the oEGL and iEGL. Scale bar: 25 um.
Quantification of BrdUrd-positive cells in the cerebellum of untreated (n = 5)
or HU-210-treated (n = 5) C57BL/6J mice, untreated (n = 4) or HU-210-treated
(n = 3)CB, ™" mice, and untreated (n = 3) or HU-210-treated (n = 3) CB, /~
mice (E). BrdUrd-positive cells were counted in the EGL and were expressed as
percentage of BrdUrd positive cells/mm? relative to control mice. Density of
cleaved caspase-3-positive cells (F) in the cerebellum of the mice reported in
E.* p < 0.05; **, p < 0.01; ***, p < 0.001 (Bonferroni test after ANOVA). c,
caudal; d, dorsal; iEGL, inner external granular layer; IGL, internal granular
layer; ML, molecular layer; oEGL, outer external granular layer; r, rostral; and v,
ventral.
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lower levels of CB, receptors found in vitro in undifferenti-
ated (DIV 1) versus differentiated (DIV 7) granule cells (Fig.
1, A and D).

To establish whether activation of CB, receptors during cer-
ebellar development induces an increase in neuronal prolifera-
tion similar to that observed in vitro, mouse pups were injected
with vehicle or HU-210 (100 pg/kg, intraperitoneal; two daily
injections for 3 days). To evaluate cell proliferation, animals
received one BrdUrd injection at the end of treatment. Two
hours after BrdUrd injection, most of the BrdUrd-positive cells
were located in the oEGL and only scattered BrdUrd-positive
cells were present in the iEGL (Fig. 6D). Estimate of the density
of BrdUrd-positive cells in the EGL showed that HU-210-
treated mice had more (+50%) BrdUrd-positive cells than con-
trol mice (Fig. 6, D and E).

The CB, /™ mouse is an ideal model to test the role of the
endocannabinoid/CB, system on GCP proliferation. To estab-
lish the physiological role of this system we compared granule
cell proliferation in neonate CB, ’~ mice and wild-type litter-
mates. We found that in mice without CB, receptors GCP pro-
liferation was significantly smaller (—18%) than in wild-type
littermates (Fig. 6, D and E), indicating that the endocannabi-
noid system is physiologically involved in regulation of GCP
during cerebellar development. HU-210 treatment in neonate
CB, /" mice had no effect on GCP proliferation (Fig. 6E), con-
firming that the CB, receptor is involved in the HU-210-pro-
moted neuronal proliferation.

Because there is evidence that cannabinoid administration
increases apoptotic cell death (63), we counted the number
of apoptotic cells in the cerebellum of HU-210-treated and
untreated mice. Apoptotic cells were recognized based on
cleaved caspase-3 immunostaining. At this stage of develop-
ment, there were very few apoptotic cells in both the EGL and
IGL of untreated mice. Estimate of the density of apoptotic cells
in these two layers showed no significant differences between
HU-210-treated and untreated mice (Fig. 6F), indicating that
the dose of HU-210 used here has no adverse effects on cell
survival. No differences were found in apoptotic cell death
among CB, /~, HU-210-treated CB, /™ mice, and wild-type
littermates (Fig. 6F), suggesting that lack of the CB, receptor
does not compromise cell survival.

Activation of the CB, Receptor in Vivo Promotes 3-Catenin
Nuclear Translocation in Cerebellar Granule Precursors
through the AKT/GSK-3 Pathway—To establish whether CB,
receptors activate the AKT/GSK-3 pathway also in vivo, the
levels of p-AKT (Ser*”®) and p-GSK-38 were quantified by
Western blot, in cerebellar homogenates (Fig. 7A), and visual-
ized by immunostaining, in cerebellar sections (Fig. 7, Band C),
from HU-210-treated and untreated mice. We found an
increase in the phosphorylation levels of both AKT and
GSK-3B (Fig. 7, A-C), which confirms results obtained in vitro.

We then analyzed B-catenin expression and found that it was
considerably higher in cerebellar extracts from mice treated
with HU-210 with respect to untreated mice (Fig. 7D). To
examine more in detail the increase of B-catenin at the cellular
level, cerebellar sections were immunostained with a B-catenin
antibody (Fig. 7, E and F). We found that B-catenin expression
was considerably higher in the EGL of mice treated with
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FIGURE 7. Effect of HU-210 on AKT and GSK-33 phosphorylation and -catenin nuclear translocation
during postnatal cerebellar development. A, examples of immunoblotting with anti-phospho-AKT-Ser*”3
and anti-phospho-GSK-38-Ser® antibodies obtained from total cerebellar extracts of P6 untreated and HU-210-
treated mice. Protein levels were normalized to total AKT or B-actin content, respectively, and expressed as
percentage of untreated condition. Bars are the mean = S.E. of three experiments. *, p < 0.05; **, p < 0.01,
treated versus untreated condition (Bonferroni test after ANOVA). B and C, photomicrographs of sagittal sec-
tions immunostained for phospho-AKT-Ser*”? (B) and phospho-GSK-3-Ser® (C) across the cerebellum of a P6
control and HU-210-treated mouse. Dashed lines indicate the outer borders of the external granular layer. Scale
bar: 20 um. D, representative example of a Western blot (same cerebellar extracts as in A) probed with an
anti-B-catenin antibody. Protein levels were normalized to total B-actin content and expressed as percentage
of untreated condition. Bars are the mean = S.E. of three experiments. *, p < 0.05 treated versus untreated
condition (Bonferroni test after ANOVA). E and F, photomicrographs of sagittal sections immunostained for
B-catenin across the cerebellum of a P6 untreated (E) and HU-210-treated mouse (F). The regions enclosed by
a square are shown at a higher magnification at the bottom. Note that in the EGL of untreated animals (),
B-catenin had mainly an extranuclear location (arrowheads), whereas in HU-210-treated animals (F) it was
present both at the nuclear (white arrow) and extranuclear level (arrowheads). Dashed lines indicate the borders
of the cerebellar layers. The scale bar: 40 wm (medium magnifications); 20 um (high magnifications) applies to
E and F. EGL, external granular layer; IGL, internal granular layer; ML, molecular layer; and PL, Purkinje cell layer.

HU-210 (Fig. 7F) compared with untreated mice (Fig. 7E),
which is in agreement with the increased phosphorylation lev-
els of GSK-3 in treated mice. Although in untreated animals
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B-catenin had mainly an extranu-
clear location (Fig. 7E), in HU-210-
treated mice it was present both at
the nuclear and extranuclear level
(Fig. 7F, arrows).

DISCUSSION

The process of neurogenesis is
modulated by numerous neurobio-
logical factors, including the endo-
cannabinoid system (15-20). Al-
though it is well established that the
endocannabinoid system is involved
in the modulation of precursor prolif-
eration in the hippocampus and
VZ/SVZ, it is presently unknown
whether it may exert a more wide-
spread action during brain develop-
ment, modulating the proliferation
of neuronal precursors in various
brain neurogenic regions. More-
over, very little is known about the
molecular mechanisms by which
endocannabinoids modulate neuro-
nal precursor proliferation. Our
results demonstrate that cannabi-
noids modulate proliferation also of
cerebellar neuronal precursors, via
the CB, receptor. Our study addi-
tionally shows that, in neuronal pre-
cursors from both the cerebellum
and SVZ, CB, receptors promote
proliferation through the PI3K/
AKT/GSK-3B/B-catenin pathway,
suggesting that this pathway plays a
pivotal role in the CB,-dependent
modulation of neuronal proliferation.

CB, Receptors Are Expressed by
Cerebellar Granule Cell Precursors
and Their Activation Promotes Pro-
liferation—CB, immunoreactivity is
abundant in the adult cerebellum
(21), where CB, receptors reside pri-
marily in the presynaptic terminals
of parallel fibers arising form gran-
ule cells located in the internal gran-
ular layer (21). Here we addressed
the question whether cannabinoid
receptors are expressed by the pre-
cursors of cerebellar granule cells. We
report, for the first time, that GCPs
express CB, receptors, similarly to the
precursors of the hippocampus and
VZ/SVZ (15-20). CB, receptors
appear to be expressed by differenti-

ated cerebellar granule cells, though at a lower level than CB,
receptors (64). This is in agreement with our finding of very low
levels of CB, receptors in cultures of granule cells (see Fig. 1B).
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Administration of HU-210, a potent agonist of CB, and CB,
receptors, increased GCP proliferation rate. This effect was
mediated by CB, receptors, because it was prevented by co-
treatment with SR141716A, a selective CB, receptor antago-
nist. This conclusion is strengthened by the observation that in
CB,-deficient mice treatment with HU-210 was unable to
increase GCP proliferation. Although CB, receptors have been
recently described to promote proliferation of neural stem cells
derived from the cortex of mouse embryos (47), we found that a
CB,-selective agonist did not affect GCP proliferation. Taken
together these data suggest that the cannabinoid system regu-
lates GCP proliferation through CB; receptors.

The fact that GCP proliferation, neither in CB, ™/~ granule
cultures nor in control cultures treated with SR141716A, was
impaired suggests that endocannabinoid production is a non-
cell-autonomous process for cerebellar granule cell precursors.

CB, Receptors Modulate Cerebellar Granule Precursor Pro-
liferation through the PI3K/AKT/GSK-3B/B-Catenin Pathway—
We found that HU-210 treatment increased phosphorylation of
AKT and GSK-3f and that inhibition of PI3K and AKT sup-
pressed the CB;-mediated proliferation increase of GCPs.
These data indicate the involvement of the PI3K/AKT/GSK-383
pathway in regulation of GCP proliferation. Our results are in
agreement with evidence in other cellular systems, showing
that cannabinoids regulate cell proliferation of oligodendro-
cytes and cortical neuronal precursors via G; ,, PI3K, and AKT
(34, 47). We found that ERK phosphorylation levels did not
change following activation of CB, receptors, suggesting that
this kinase is not involved in the CB,-mediated regulation of
GCP proliferation. The CB,-dependent proliferation increase
of embryonic hippocampal neuronal precursors requires ERK
activation (20), suggesting that the pro-proliferative pathways
downstream from CB; receptors may include ERK in some
types of precursor cells.

B-Catenin, an important mediator of the canonical Wnt-
signaling pathway (56, 65) is a multifunctional protein, the
stability of which is mainly regulated by GSK-38. This is
consistent with our results showing that increased phosphor-
ylation of GSK-38 was accompanied by increased levels of
B-catenin within the nuclear compartment. The observation
that inhibition of AKT prevented B-catenin nuclear transloca-
tion following HU-210 treatment suggests that [B-catenin
belongs to a CB, receptor-driven signaling pathway formed by
PI3K/AKT/GSK-33/B-catenin.

When phosphorylated by GSK-38, B-catenin is ubiquiti-
nated and becomes degraded by the proteasome pathway.
When GSK-3f is inactivated through phosphorylation, 3-cate-
nin is stabilized and accumulates in the cytosol and can be
translocated to the nucleus where it functions as a transcrip-
tional regulator (66, 67). Recent evidence shows that 3-catenin,
besides being involved in a variety of functions (68, 69), plays an
important role in regulating proliferation of neural stem cells.
In these cells, B-catenin acts downstream from the canonical
Wnt-signaling pathway (65, 70-72) and appears to increase
proliferation by decreasing cell cycle exit (71). A recent study
suggests that fibroblast growth factor-2 regulates neural stem
cell proliferation via B-catenin signaling (73). The finding that
inhibition of B-catenin expression prevented the CB,-induced
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FIGURE 8. Schematic drawing summarizing the signaling pathway down-
stream from CB, receptors in cerebellar granule cell precursors. Canna-
binoids induce neuronal proliferation by CB, signaling via PI3K/AKT activa-
tion, GSK-3B inactivation, and B-catenin nuclear translocation.

proliferation increase of GCPs indicates that B-catenin regu-
lates proliferation of GCPs by acting downstream from a can-
nabinoid-signaling pathway. This mechanism appears to be
shared by different types of neuronal precursors, because
B-catenin nuclear translocation following activation of CB,
receptors was present not only in GCPs but also in neuronal
precursors derived from SVZ. Our data additionally suggest
that cyclin D1 up-regulation may be one of the mechanisms by
which B-catenin regulates proliferation of neuronal precursors.

Taken together, our results suggest a plausible mechanism
for the regulation of neuronal precursor proliferation by can-
nabinoids, via B-catenin. As summarized by Fig. 8, CB, receptor
activation increases PI3K/AKT activity. Following AKT-medi-
ated phosphorylation of GSK-38, B-catenin is stabilized and
translocates to the nucleus where it functions as a transcrip-
tional regulator, modulating the expression of genes, such as
cyclin D1, involved in the regulation of cell proliferation.

Role for the Endocannabinoid System on GCP Proliferation
during Cerebellar Development—Current findings in vivo show
that (i) HU-210 administration to neonate mice increased GCP
proliferation, (ii) proliferation was impaired in CB, /™ mice,
and (iii) proliferation did not increase in CB, '~ mice following
HU-210 treatment. All these data indicate that the endocan-
nabinoid system plays a role in the control of neuronal precur-
sor proliferation during cerebellar development through CB,
receptors. Previous studies show that endocannabinoid sig-
naling is instrumental for cortical and hippocampal neuro-
genesis (16, 19). Our findings in the cerebellum are in agree-
ment with these studies and additionally suggest that
endocannabinoids may have a widespread effect in the reg-
ulation of brain development.
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Concerning the impact of the endocannabinoid system on
cerebellar development, our data show that granule cell prolif-
eration was relatively mildly impaired in CB, /™ mice (—18%),
suggesting that, although this system physiologically contrib-
utes to the regulation of cerebellar neurogenesis, it may not be
the major actor in this process. Yet, the finding that agonists of
CB, receptors are able to powerfully increase neuronal precur-
sor proliferation (Fig. 2, A and B) (15-20) appears of relevance
in the context of brain pathophysiology, because it provides a
rational basis for studies aimed at establishing whether CB,
receptor agonists may be employed in brain pathologies char-
acterized by defects in neurogenesis/neurodegeneration. In this
connection, it seems important to note that in mice treated
with HU-210 apoptotic cell death was not affected in the cere-
bellum (current study) and hippocampus (20), suggesting that
agonists of cannabinoid receptors can be employed to increase
neurogenesis without concomitant aversive effects on cell
survival.

In conclusion, our results support the notion that endocan-
nabinoids constitute a new group of lipid signaling cues in-
volved in the control of neuronal precursor proliferation and
show that they may participate in the control of neurogenesis
during early phases of brain development.
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